ABStrACt. Artocarpus heterophyllus Lam., commonly called jackfruit, is a medium-sized evergreen tree that bears high yields of the largest known edible fruit. Yet, it has been little explored commercially due to wide variation in fruit quality. The genetic diversity and genetic relatedness of 50 jackfruit accessions were studied using amplified fragment length polymorphism markers. Of 16 primer pairs evaluated, eight were selected for screening of genotypes based on the number and quality of polymorphic fragments produced. These primer combinations produced 5976 bands, 1267 (22%) of which were polymorphic. Among the jackfruit accessions, the similarity coefficient ranged from 0.137 to 0.978; the accessions also shared a large number of monomorphic fragments (78%). Cluster analysis and principal component analysis grouped all jackfruit genotypes into three major clusters. Cluster I included the genotypes grown in a jackfruit region of Karnataka, called Tamaka, with very dry conditions; cluster II contained the genotypes collected from locations having medium to heavy rainfall in Karnataka; cluster III grouped the genotypes in distant locations with different environmental conditions. Strong coincidence of these amplified fragment length polymorphism-based groupings with geographical localities as well as morphological characters was observed. We found moderate genetic diversity in these jackfruit accessions. This information should be useful for tree breeding programs, as part of our effort to popularize jackfruit as a commercial crop.
ABStrACt. Artocarpus heterophyllus Lam., commonly called jackfruit, is a medium-sized evergreen tree that bears high yields of the largest known edible fruit. Yet, it has been little explored commercially due to wide variation in fruit quality. The genetic diversity and genetic relatedness of 50 jackfruit accessions were studied using amplified fragment length polymorphism markers. Of 16 primer pairs evaluated, eight were selected for screening of genotypes based on the number and quality of polymorphic fragments produced. These primer combinations produced 5976 bands, 1267 (22%) of which were polymorphic. Among the jackfruit accessions, the similarity coefficient ranged from 0.137 to 0.978; the accessions also shared a large number of monomorphic fragments (78%). Cluster analysis and principal component analysis grouped all jackfruit genotypes into three major clusters. Cluster I included the genotypes grown in a jackfruit region of Karnataka, called Tamaka, with very dry conditions; cluster II contained the genotypes collected from Genetics and Molecular Research 7 (3): 645-656 (2008) Genetic diversity in jackfruit characters (Cavagnaro et al., 2006) . Markers aided by polymorphisms in proteins and DNA structures have reduced the disadvantages of morphological markers to some extent (Sensoy et al., 2007) , because they are unaffected by environmental factors (Dhanaraj et al., 2002) .
Jackfruit is a tetraploid; its somatic chromosome number is (4n) 56. Therefore, the basic chromosome number is 14 (Darlington and Wylie, 1956 ). Only one study until now by Schnell et al. (2001) looked at the genetic diversity of 26 accessions from different parts of the world, using amplified fragment length polymorphism (AFLP) markers, and provided an actual picture of diversity and genetic relatedness in jackfruit. This study included only two accessions from India, and they scored a small number of markers (187), of which 92 (49.2%) were found to be polymorphic. The most recent study by Azad et al. (2007) looked at isozyme variation in jackfruit in Bangladesh. A total of 50 accessions were evaluated for four enzyme systems, and isozyme patterns were determined on the basis of number and position of bands. They discovered that morphological traits such as weight, length, girth of the fruits and percentage of pulp correlated poorly with environmental factors, suggesting that these characters are more likely genetically controlled. However, isozyme markers are also known to be affected by both environment and post-translation modification, and their practical use is limited (Akashi et al., 2002) .
To date, no one has made an attempt to estimate the genetic diversity of different jackfruit cultivars in India. A comprehensive understanding of genetic diversity and molecular characterization of jackfruit cultivars is needed for formulating appropriate sampling and management strategies. A detailed analysis of a large number of genetic markers will provide us with useful gene conservation strategies and help in popularizing this species as a commercial crop. Among many available DNA-based markers, AFLP markers are more reliable, yield a large number of markers per reaction, are cost-effective and have wide genome coverage (Prashanth et al., 2002; Hansen et al., 1999) . AFLP markers have been successfully used, in the last decade, as a satisfactory alternative as well as compliment to morphological data in a variety of plant and tree species (Basha et al., 2007; Mahmud et al., 2007; Sreekumar et al., 2007) . The purpose of the present study was to estimate the level of genetic diversity and to assess genetic relationships among 50 jackfruit accessions, collected from different parts of south India, using AFLP markers.
MAtErIAL ANd MEtHodS

Plant material and dNA extraction
In the present study, 30 jackfruit accessions were obtained from the germplasm collection, from the southern part of India, maintained at the University of Agricultural Sciences (GKVK), Bangalore, India. The remaining 20 accessions representing the following four populations were collected from different locations in south India: Tamaka (17), Hebbal (1), Malleshwaram (1) and Hosur (1) ( Table 1 ). The genotypes were named after the locality from where they were collected. The morphological characteristics of the each accession were recorded based on the descriptors provided by the International Plant Genetic Resource Institute (IPGRI, 2000) . Approximately 5 g of recently matured leaves (15-20 days old) was collected, washed using distilled water, wiped with 70% (v/v) ethanol and then air dried, of which 1 g was weighed out and stored in sealed plastic bags at -80°C. Extraction of DNA was performed with a modified cetyl trimethyl ammonium bromide (CTAB) method (Dellaporta et al., 1983 ) with a few modifications. One gram of leaf sample was powdered in liquid nitrogen and mixed with 10 mL extraction buffer containing 100 mM TrisHCl, pH 8.0, 20 mM EDTA, 1.4 M NaCl, 3% (w/v) CTAB, 2% polyvinyl pyrrolidone and 1% β-mercaptoethanol. The contents were then mixed slowly and were incubated in a water bath at 65°C for 1 h with intermittent shaking. After incubation, the contents were brought to room temperature and 5 mL chloroform:isoamyl alcohol mixture (24:1) was added to the tube. The mixture was agitated thoroughly and centrifuged at 8000 rpm for 20 min at 4°C. This procedure was continued until a clear supernatant was obtained. After the final spin, the supernatant was taken to a separate tube and an equal volume of ice-cold isopropanol was added to precipitate the DNA overnight at 4°C. On the next day, the sample was centrifuged at 5000 rpm and the DNA pellet washed with 2-3 drops 70% alcohol, air-dried and dissolved in TE buffer. To remove RNA, each sample was incubated with 5 µL ribonuclease (10 mg/mL) and incubated at room temperature overnight. To remove proteins, the samples were mixed with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) and centrifuged at 14,000 rpm for 2 min, and the top aqueous DNA layer was taken and DNA precipitated by adding two volumes of ice-cold ethanol. The precipitation was improved by keeping at -20°C overnight, and then spun at 9000 rpm for 20 min to pellet the DNA. The pellet was washed with 70% ethanol and dried in a vacuum drier for half an hour. The pellet was dissolved in 300 µL TE buffer, to which 1/10 volume 3 M sodium acetate was added and left overnight. The supernatant was collected after 24 h by spinning at 9000 rpm for 20 min. The DNA was quantified using Hoefer's Dyna Quant and verified by electrophoresis on 0.8% agarose gels.
AFLP procedure and polymerase chain reaction amplification
The original AFLP protocol outlined by Vos et al. (1995) was followed with silverstaining technique for the development of gels. The restriction enzymes EcoRI and MseI, ligase enzyme, adaptors and primers were purchased from Life Science Technologies, USA. The polymerase chain reaction (PCR) was performed with an MJ Research PTC-100 Thermocycler (Bio-Rad Laboratories, Bangalore, India). In all the jackfruit genotypes, double digestion was carried out using the EcoRI and MseI enzymes at 10 and 4 U/µL concentrations, respectively. Five hundred nanograms of genomic DNA was used for restriction-ligation of EcoRI and MseI adapters. Pre-selective amplification was performed on 1:1 diluted restriction digestion reaction products with pre-selective primers, which had adaptor sequence and additional nucleotide extension at 3' ends. The list of primer pair combinations used is presented in Table 2 . PCR amplification was conducted in two stages. The pre-selective amplification was performed with an amplification profile of 94°C for 30 s, annealing at 56°C for 1 min, extension at 72°C for 1 min, repeated for 20 cycles, and then at 10°C for 30 min. After this, the products were diluted 1:1 ratio and selective amplification was performed with a cycling profile of 94°C for 30 s, 65°C for 30 s reducing by 0.7/cycle to 56°C, 72°C for 1 min for 11 cycles, followed by 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min for 24 cycles followed by 10°C for 30 min. The primers used for selective amplification ended with three nucleotide extensions at 3' ends (Table 2) . PCR were carried out separately for each primer pair and the products were denatured immediately by adding 8 µL of stop/loading dye to each sample. The samples were heated to 94°C for 5 min to cause denaturation and then cooled to 10°C for 5 min. Finally, the product was stored at -20°C. Electrophoresis of the samples was carried out on polyacrylamide gels, by loading 3 µL of each DNA sample. Electrophoresis was carried out at 1600 V for 1.5 h until the dark blue dye ran off. The gels were then separated and developed by silver-staining technique.
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data analysis
The AFLP products that showed clear polymorphism in the samples were visually scored as a binary matrix for presence (1) and absence (0) of bands. A pairwise similarity matrix between genotypes was estimated according to the Nei and Li (1979) similarity coefficient, S ij = 2a / (2a + b + c): where S ij is the similarity between two individuals i and j, 'a' is the number of bands shared by both individuals, 'b' is the number of bands present in i and absent in j, and 'c' is the number of bands present in j and absent in i. The similarity matrix was then analyzed using Ward's clustering method using a minimum variance algorithm (Ward Jr., 1963) . A dendrogram was constructed with the TREE program using STATISTICA version 8.0 (SoftStat, Inc.). Principal component analysis (PCA) of the correlation matrix was used to further investigate relationships between individuals.
rESuLtS ANd dISCuSSIoN
The use of eight selective primer combinations on 50 samples of Artocarpus heterophyllus resulted in a total of 5796 markers, of which 1267 were polymorphic. The markers obtained were consistent, unambiguous and repeatable in most cases. The number of polymorphic markers per primer combination ranged from 65 to 241 with the average number of polymorphic bands being 158 (Table 3 ). The highest number of polymorphic bands (241) was generated with E-ACT/M-CTT primer combination, followed by E-ACA/M-CTG (235) and E-AGT/M-CAG (208). The average percentage of polymorphism shown by eight primers was 21.85%, whereas, it was highest (32.8%) in the primer combination E-CGT/M-AAT followed by E-ACA/M-CTG (28.6%). The level of polymorphism observed in our study was lower than that of Schnell et al. (2001) , reported in earlier AFLP studies on jackfruit. Their results showed 49% polymorphism based on 12 primer combinations. The high level of polymorphism that they saw in their study could be explained due to the fact that the accessions evaluated included 26 cultivars from 8 different countries comprising three different continents. In addition, a total of only 187 markers were scored in the study, and this might have contributed to a higher percentage of polymorphism than what is normally observed in intraspecific cultivars. In our study, the level of polymorphism is a little higher than what is reported for many intraspecific AFLP studies: 10% among celery cultivars grown in California (Li and Quiros, 2000) and 11.8% in wheat cultivars adapted to the Pacific Northwest region (Barrett and Kidwell, 1998 Genetic similarities based on Nei and Li similarity coefficients revealed a moderate level of diversity within the accessions evaluated (Table 4) . The average genetic similarity among 50 jackfruit accessions ranged from a low of 0.137 to a high of 0.978 with an average similarity among this group of accessions of 0.563. In contrast to an earlier study by Schnell et al. (2001) , a moderate genetic diversity exists within our collection of cultivars. The genetic similarity coefficients for 26 jackfruit accessions in their study ranged from a low of 0.567 to a high of 0.95 with a high average of similarity of 0.743. Their marker analysis showed limited genetic diversity within 26 jackfruit accessions collected from eight different countries. In the present study, FSO-4 cultivar was found to be most genetically similar to Tamaka-17 (0.978), suggesting similar selection pressure in these two locations. Tamaka-1 and Tamaka-2 cultivars were found to be the least genetically similar (0.137), despite coming from similar geographical localities. Moreover, 17 Tamaka cultivars (from 1 to 17) that were collected from Kolar had a lower average similarity coefficient value of 0.512, further asserting the existence of genetic diversity among these cultivars, despite growing in the same geographical region. Interestingly, genotypes such as Tanevarika, Tamaka-17, Tamaka-10, Mottavarika, TC Jack, M-1 and Simon exhibited much higher similarity coefficient values ranging from a low of 0.5571 to a high of 0.9023. Although each of these genotypes represented different geographical locations in the southern part of India, the majority of them had morphologically similar attributes such as broad, thick, pubescent leaves and elongated fruits with sharp vines and dark green rind. These results are in agreement with the most recent study by Azad et al. (2007) in jackfruit, suggesting that these fruit characteristics correlated poorly with environmental factors and were therefore likely genetically controlled. A moderate amount of genetic diversity does exist among jackfruit accessions. Taken as a whole, the results clearly show that jackfruit germplasm with medium diversity could play an important role in the preservation of genetic diversity and enhancement of jackfruit cultivars. The genetic relationships of jackfruit cultivars were further evaluated by Ward's cluster analysis, on AFLP data set, using a minimum variance algorithm. It resulted in three main branches with a linkage distance of 3 to 7.5 units with Tamaka-1 and Simon at the extreme ends of the dendrogram (Figure 1) . Cluster I consisted of 9 accessions (Tamaka-1-9) grouped at a linkage distance of 3.4 to 5.5 units, collected from the same location, Kolar in Karnataka State. All these genotypes had fairly similar morphological attributes. Tamaka-1 and Tamaka-2, the closest genotypes, were placed at a linkage distance of 3.4 units, and then were linked to Tamaka-3 at 4.5 units. All these Tamaka genotypes were seedling progenies growing in relatively dry conditions, with little variations in fruit size, shape and color of flakes, thus indicating common origin from surrounding places. Cluster II consisted of 21 genotypes (Farm Office to HMT) grouped at a linkage distance of 5.0 to 6.0 units. Although the genotypes in this cluster represented accessions from distant locations, these geographical locations had similar environmental conditions such as medium to heavy rainfall. Most of these genotypes had similar attributes as well. Chandrahalasu and HMT had a linkage distance of 5.0 units, the closest in this group, and both had an oblong fruit shape with green rind. The two most distant genotypes in this group, Tubagere and HMT, had a linkage distance of close to 6 units, as these two were fairly further away from each other in terms of geographical location, therefore under different environmental conditions. Cluster III consisted of 20 genotypes (HMT-ICAR to Simon), which were clustered at a fairly narrow genetic linkage of distance of 6.10 to 7.00 units. There were four sub-clusters within this group having different genotypes in each sub-cluster. Sub-cluster-I had three types viz., HMT-ICAR, SF-2 and FSO-5; all the three genotypes had oblong fruits, each weighing more than 15 kg. Sub-cluster-II had Tamaka-12, -14, -15 and -16 types, and these genotypes exhibited oval fruit shape with medium-sized fruits weighing 5-8 kg. Sub-cluster-III contained O Nursery, NTI, HMT (M), M-1, Tamaka-11 and -13. Sub-cluster-IV had Mottavarika, TC Jack, Tamaka-10, Tamaka-17, Tanevarika and Simon types; most of these genotypes were collected from regions with heavy rainfall and always bore elongated fruits. The principal component analysis based on AFLP data separated populations into three distinct groups (Figure 2 ) that were comparable with those of branches produced by cluster analysis. The first axis accounted for 24.2% of the total variation, whereas the second explained a further 18.1% of the total variation. PCA carried out using AFLP markers further asserted the existence of genetic diversity in the jackfruit cultivars. It showed that the genotypes such as Tamaka-17 and Tanevarika were divergent and far away in the cluster indicating their distant relations with other genotypes. The rest of the genotypes were dispersed on the PCA plot which was a reflection of moderate genetic diversity in these accessions. Some of the genotypes appeared to be overlapping in the PCA picture, depicting their close genetic relations with each other. The results obtained from PCA were in agreement with the dendrogram generated by Ward's cluster analysis. In conclusion, the evidence from AFLP analysis indicates the existence of a moderate degree of genetic diversity in jackfruit cultivars. Even though this study showed close relationships among a few genotypes studied, there were still no duplicates. Although we found a good correlation between genetic and geographical data, future studies involving a large number of morphological traits with molecular markers should have important implications for germplasm management. The development of jackfruit cultivars with superior properties such as fruit quality, short gestation period, disease resistance and human health benefits will be very important for promoting commercial production. AFLP makers have proved to be effective for characterizing the genetic basis of A. heterophyllus for assessing genetic diversity and relatedness between accessions. The result of this study is of critical importance for jackfruit breeding programs as well as informed and efficient management of germplasm collections.
